High-resolution physically ordered gene maps for equine homologs of human chromosome 5 (HSA5), viz., horse chromosomes 14 and 21 (ECA14 and ECA21), were generated by adding 179 new loci (131 gene-specific and 48 microsatellites) to the existing maps of the two chromosomes. The loci were mapped primarily by genotyping on a 5000-rad horse × hamster radiation hybrid panel, of which 28 were mapped by fluorescence in situ hybridization. The approximately fivefold increase in the number of mapped markers on the two chromosomes improves the average resolution of the map to 1 marker/0.9 Mb. The improved resolution is vital for rapid chromosomal localization of traits of interest on these chromosomes and for facilitating candidate gene searches. The comparative gene mapping data on ECA14 and ECA21 finely align the chromosomes to sequence/gene maps of a range of evolutionarily distantly related species. It also demonstrates that compared to ECA14, the ECA21 segment corresponding to HSA5 is a more conserved region because of preserved gene order in a larger number of and more diverse species. Further, comparison of ECA14 and the distal three-quarters region of ECA21 with corresponding chromosomal segments in 50 species belonging to 11 mammalian orders provides a broad overview of the evolution of these segments in individual orders from the putative ancestral chromosomal configuration. Of particular interest is the identification and precise demarcation of equid/Perissodactyl-specific features that for the first time clearly distinguish the origins of ECA14 and ECA21 from similar-looking status in the Cetartiodactyls.
the genome. This density is approximately achieved in the physically ordered RH and comparative gene maps reported recently for some horse chromosomes [6] [7] [8] [9] . As an extension to this ongoing effort, we herein report the construction of a highresolution radiation hybrid and comparative map for equine homologs of human chromosome 5 (HSA5), namely, horse chromosome 14 (ECA14) and most of 21 (ECA21).
Human chromosome 5 comprises ∼6% of the human genome and spans ∼181 Mb of DNA (Ensembl, http://www. ensembl.org/Homo_sapiens/mapview?chr=5). It contains ∼1000 genes [10] and has an average density of ∼5 genes every megabase along the length of the chromosome. Several earlier gene mapping and Zoo-fluorescence in situ hybridization (FISH) studies in the horse suggested that HSA5 corresponds to ECA14 and ECA21 [1, [11] [12] [13] . A recent study, however, clarifies that only the distal three-quarters of ECA21, and not the entire chromosome, corresponds to part of HSA5 [7, 14] . The other part of ECA21 is homologous to part of HSA19, for which there is already a high-resolution map. Before this study, only 17 equine orthologs of HSA5 genes and 23 microsatellite markers were mapped to ECA14 and ECA21 [1] . The average resolution provided by these markers (1 marker/6-7 Mb) on corresponding regions of the two chromosomes is inadequate to map traits of interest and initiate searches for loci governing them. Moreover, lack of comparatively mapped loci considerably reduces the possibility of using sequenced human, mouse, cattle, and dog maps for search of candidate loci responsible for these traits. Hence, we undertook an organized expansion of the gene map of the two equine homologs of HSA5 such that the average density of markers on these chromosomes could be augmented to at least one marker every megabase, and a precise alignment between the horse and the human chromosomes could be achieved.
The detailed map thus produced is valuable in identifying the putative mammalian ancestral configuration for these equine chromosomes and the likely rearrangement steps in evolution leading to their present organization in equids/Perissodactyls and other mammalian orders.
Results

Developing equine gene-specific markers
From a total of 175 gene-specific primer pairs designed for equine orthologs of HSA5 genes, 135 gave horse-specific DNA amplifications in the presence of control hamster DNA and hence were selected for further analysis. The remaining 40 primer pairs were excluded due to weak amplification of horse DNA, multiple PCR amplification products, or amplicons of equal sizes for both horse and hamster. Sequence analysis of the amplification products led to the exclusion of an additional 4 loci because of insufficient sequence correspondence with the anticipated human genes, thus leaving 131 primer pairs for genotyping on the RH panel. Optimization of primer pairs for 59 microsatellite markers on horse and hamster DNA provided 51 loci for further genotyping.
Generation of a composite RH map
The RH genotyping data for 182 (131 + 51) markers were added to the genotyping data from previously published lowdensity maps for all of ECA14 (22 loci) and all of ECA21 (18 loci) and a dense map for the proximal part of ECA21 (another 18 loci). This resulted in a total of 240 markers: 137 markers (88 Type I and 49 Type II) on ECA14 and 85 markers (55 Type I and 30 Type II) on distal ECA21 and 18 markers recently mapped to the proximal part of ECA21 [7] . The likelihood of the presence of the new 182 markers on either ECA14 or ECA21 was deduced by two-point analysis of individual typing results against the first-generation RH map [1] , http://equine.cvm.tamu.edu/cgi-bin/ecarhmapper.cgi. The outcome of further analysis of all markers leading to the development of RH maps for individual equine chromosomes is provided below. A summary of the distribution of markers that were finally included in the maps of the two chromosomes is provided below and presented in Table 1 .
ECA14
Analysis of the 137 markers assigned to ECA14 gave a single linkage group (lod threshold 7; Fig. 1a ) comprising 128 markers (83 Type I and 45 Type II) and spanning an estimated 1827.76 cR (see Supplementary Table 1 for map details in tabular form). The remaining 9 markers were deleted from further analysis because they segregated as singletons during analysis or could not be placed with any confidence. It is noteworthy that 65 of the markers in the final map were in the maximum likelihood (MLE)-consensus map, implying that the optimal marker order for all three formulations of the MLE criterion in [25] is the same and no alternate order of the 65 markers has a log-likelihood within 0.25 units of the best order.
ECA21
Analysis of the 103 markers assigned to ECA21 gave two linkage groups (lod threshold 7; Fig. 1b ) containing 90 (64 Type I and 26 Type II) markers. The remaining 13 markers were deleted from further analysis due to reasons described above. The proximal group comprising 24 markers spans 278.07 cR and corresponds primarily to HSA19 but also includes 6 genes from HSA5. The distal RH group comprising 66 markers completely corresponds to HSA5 and spans 752.70 cR (see Supplementary Table 1 for map details in tabular form). A total of 41 markers were in the MLEconsensus map and were therefore ordered with confidence.
Retention frequency for the 128 markers on ECA14 ranged from 9.78 (BNIP1 and TKY1053) to 26.09% (FLJ36090), with an average of 17.16% (Fig. 2a) . The corresponding percentages for the 90 markers on ECA21 ranged from 7.61 (FLJ13611 and TKY806) to 27.17% (UBA52), with an average of 15.01% (Fig. 2b) . The overall retention frequency of markers was not extreme in any region on the two chromosomes.
Screening BAC libraries and FISH mapping
BAC clones isolated for 28 loci (27 genes and 1 microsatellite) were mapped by FISH on metaphase and interphase chromatin using single or double color hybridizations (Fig. 3) . This led to mapping of 16 gene-specific loci on ECA14 and 11 on ECA21. Of the gene-specific markers on ECA21, 5 are on the ∼5-6 Mb region that corresponds to HSA19 [7] . The physical order of closely located markers was delineated using two-or three-color FISH on metaphase and/or interphase chromosomes (Fig. 3) .
Comparative mapping
Comparative maps for the two equine chromosomes were developed using precise megabase locations of equine orthologs in draft/finished sequences of various species or by using available gene mapping information. The ECA14 comparative map (Fig. 1a ) comprised 88 loci, of which 81 were mapped by RH analysis and 7 were "placed" based on FISH data and the location of markers in relation to adjacent loci mapped by RH analysis. The ECA21 comparative map (Fig. 1b) comprised 66 loci, of which 63 were mapped by RH analysis and 3 were placed as described above. Two loci on ECA14 (LOC153195 and SOD2ps) and one on ECA21 (LOC134146) could not be added to the map because their comparative information was not available.
As described earlier [1] , maximally contiguous chromosomal regions with identical gene content and order-referred to as conserved linkages-were identified by clustering the contiguous megabase locations of individual loci in human/ chimpanzee, mouse, rat, dog, and chicken (Figs. 1a and b) . In other species, only comparative data for mapped equine genes was used (cattle [27, 29] , pig [28] , cat [30, 31] ). A regional disagreement of ∼2 Mb in the gene order is not considered a "rearrangement" because of the imperfections of RH genotyping and map construction. Conserved gene order across mammals is represented by rectangular light green shading, while chromosomal segments conserved across vertebrates (threshold of at least four loci) are shown by rectangles with red margins (Figs. 1a and b) .
Briefly, the distal three-quarters of ECA21 corresponds to the entire short arm and ∼15% of the proximal part of the long arm of HSA5. These regions essentially constitute a contiguous chromosomal segment in chimpanzee and dog and, surprisingly, even in mouse. Rat is the only sequenced mammal in which the corresponding segment is distributed on two different chromosomes. Chicken, an evolutionarily distantly related vertebrate, shows the same loci to be located primarily on two chromosomes, of which one is the sex chromosome (Z). Compared to this, ECA14 corresponds to the remaining part of HSA5 (distal 85% of the long arm). Except for human, chimpanzee, and cat, this equine chromosome shares similarity with parts of two or more chromosomes in other compared species, viz., mouse, rat, dog, chicken, cattle, and pig. Evidently, conserved synteny as well as conserved linkage is less pronounced for this equine chromosome, compared to that seen for ECA21.
Discussion
High-resolution physical map of ECA14 and ECA21
This study provides dense physically ordered maps of gene-specific and microsatellite markers for horse chromosomes 14 and 21. Additionally the maps serve as a template for comprehensive comparison of the two equine chromosomes with human chromosome 5 and corresponding chromosomes from a range of evolutionarily diverged mammals and chicken. Incorporation of a total of 179 new markers (177 by RH and 2 exclusively by FISH) in this study increased the overall density of mapped markers on both chromosomes by approximately fivefold over the previously published map [1] . Further, the number of gene-specific markers increased from 17 to 147 (approx eightfold improvement), while the number of microsatellite markers increased from 23 to 71 (approx threefold improvement) compared to the first-generation RH map [1] . The estimated size for ECA14 and ECA21 is approximately 120 and 80 Mb, respectively. The 218 markers currently RH mapped on the two chromosomes provide an average resolution of 1 marker/ 0.9 Mb, which represents a sixfold improvement over the previous resolution of 1 marker/5.5 Mb [1] .
The success rate of designing primers for equine orthologs of HSA5 genes and mapping them onto ECA14 and ECA21 maps was ∼74%. Thus, comparative genome sequence information available for humans and other mammalian species was extremely useful in rapid development of the map for the two chromosomes. Primers were designed for genes at approximately megabase intervals on HSA5, except On the far left is a color bar showing regions of HSA5 (demarcated in megabases on the human genomic sequence) that correspond to ECA14 and the distal three-quarters of ECA21. Next, the G-banded idiograms of the equine chromosomes show all the FISH-mapped loci (right). The 28 newly FISH-mapped loci are shown in bold with an asterisk. Next to the FISH-mapped markers are the RH maps-one on ECA14 and two on ECA21. On ECA21, the upper three-quarters of the proximal linkage group relates to the region that shares synteny with part of HSA19p, while the remaining part and the large distal linkage group relate to the region sharing synteny with HSA5. The RH groups are demarcated at 50-cR intervals. The MLE-consensus markers (framework) are shaded in light yellow, with those having a lod score ≥3.0 shown in bold font. The remaining markers (unshaded) were placed on this framework. Markers shown in italic were placed at a lod score ≤0.5 and can therefore have alternative adjacent locations. Markers with the same physical/cR position have a vertical bar on the left and are connected by a common line to the map. Markers with identical vectors have a bracket on the right. Gene-specific markers in red font represent FISH-mapped loci that were tentatively placed in the map on the basis of the RH-map location of adjacent FISH-mapped markers. "?" indicates disagreement between FISH and RH assignments. Next to the RH map are the megabase locations for human (HSA), chimpanzee (PTR), mouse (MMU), rat (RNO), dog (CFA), and chicken (GGA) orthologs of the mapped horse genes (http://genome.ucsc.edu/cgi-bin/hgGateway). Vertical rectangles on Mb positions of genes within each species essentially show conserved gene order in relation to the derived order in the horse. The light green shaded horizontal rectangles show conserved linkage across sequenced mammals. The red horizontal rectangles depict putative conserved linkages across vertebrates. A status of the comparative mapped loci in cattle (BTA), pig (SSC), and cat (FCA) is provided for orthologs with available mapping information. These data are supplemented with recently published results in cattle and pigs [27] [28] [29] . Arrows (cattle and pig) indicate putative order of loci in these species. Distinct rearrangements are evident in cattle for segments corresponding to ECA14. for the centromeric region spanning [45] [46] [47] [48] [49] [50] Mb. This led to a relatively uniform and fine alignment of the two equine chromosomes with the entire HSA5. The approach demonstrated the efficient use of map information from sequenced genomes (e.g., human, mouse, and rat) to develop gene maps in species like horse, cat, sheep, and goat for which map information is currently limited.
The 28 new FISH assignments reported in this study (16 on ECA14 and 12 on ECA21) increase the number of cytogenetically mapped markers on the two chromosomes to 37 and 24, respectively. Of the 12 new markers localized by FISH to ECA21, 5 originate from HSA19 and are located on the proximal part of the short arm of ECA21 (21q12-q14). The orders of cytogenetically mapped markers on both chromosomes essentially corroborate the physical order of markers obtained in the RH map and serve as excellent anchor points to align and orient different linkage groups.
The three FISH-RH mapping discrepancies observed by us involve INSL3, SLC6A3, and RASA1. INSL3 was previously assigned to ECA7q17-q18 in [32] by performing FISH using an equine BAC containing the gene. We designed new horse-specific primers for the gene, sequenced and verified the identity of the amplified product, and unambiguously localized it to the proximal part of ECA21. The FISH assignment of SLC6A3 [32] and RASA1 [33] to ECA14 using goat BAC clones as probes is not in agreement with the current map. Fine comparative alignment obtained between HSA5 and the equine homologs in this study suggests that SLC6A3 most likely maps to the distal end of ECA21q and RASA1 to the distal part of ECA14q, contrary to the earlier published results.
Comparative map
The addition of 131 new gene-specific markers on ECA14 and ECA21 is a major improvement over the mere 17 genes previously mapped jointly on the two chromosomes [1] . On average, one gene-associated marker is now mapped at every 1.37-Mb interval along the length of both chromosomes. This marker density is comparable to that recently reported by us in high-resolution maps for some of the equine chromosomes (ECA17 [17] , ECAX [6] , ECA22 [8] , HSA19 homologs [7] , HSA2 homologs [9] ).
The improved density of gene-specific markers on the two equine chromosomes shows that the distal three-quarters of ECA21 share similarity with the 0-68.5 Mb region of HSA5, which corresponds to the short arm and part of the long arm of the human chromosome (5pter-q13.2). Compared to this, ECA14 shares similarity with the 70.9-180.2 Mb region of the human chromosome, which corresponds to the rest of the long arm (5q13-qter). It is evident from these observations that the evolutionary break/ fusion point for horse-human comparisons does not fall on the centromere, but is in the proximal region of the long arm of HSA5, somewhere between 68.5 and 70.9 Mb on the sequence map. This confirms and markedly refines the comparative information reported previously using whole chromosome or microdissected arm-specific HSA5 paints [11] [12] [13] in which we proposed that ECA14 corresponds to HSA5q13-qter and the entire ECA21 corresponds to HSA5p and proximal part of HSA5q.
Comparison of the gene order between ECA14/ECA21 and HSA5 shows that despite minor differences in regions with densely mapped markers, there is an overall conserved linkage observed between the two species as indicated by contiguous vertical boxes over the megabase position of human orthologs (Figs. 1a and 1b). On ECA14, the gene order is inverted with respect to HSA5. The proximal region of the horse chromosome corresponds to the telomeric region of the long arm of HSA5 (∼180.2 Mb), while the telomeric region corresponds to the putative evolutionary break/fusion point on the long arm of the human chromosome. A similar inverted arrangement is also observed between HSA5 and ECA21 (Fig. 1b) .
Comparison of the gene order for HSA5 homologs between horse (ECA14/ECA21) and chimpanzee chromosome 4 (PTR4) led to the identification of four distinct blocks. Two of the blocks on ECA14 correspond to (in order) ∼187 → 104 and ∼20 → 45 Mb segments, while the two blocks on ECA21 correspond to ∼47 → 99 and 18 → 0 Mb segments of PTR4. This arrangement of loci is unique to chimpanzee and is attributed to an ∼80-Mb inversion and additional rearrangements discovered between HSA5 and PTR4 involving a segment corresponding to HSA5p14-q15 [10] .
Comparison of the gene order on ECA14 and ECA21 with the sequence data in the rodents presents a familiar situation in which the rat and mouse genomes are found to be considerably rearranged in relation to other mammals. Consequently, a number of rodent chromosomes are found to share synteny with the two equine chromosomes (and hence also to HSA5; Figs. 1a and b). Among these rodent chromosomes, the most conspicuous are chromosomes 11, 13, 15, and 18 in the mouse and chromosomes 2, 10, and 18 in the rat. Of considerable interest is the fact that the gene order observed on ECA21 shows conserved linkage in horse, human (HSA5), and rat (RNO2), but not in the mouse, in which it is present on two separate chromosomes, MMU13 and MMU15. However, on ECA14, the rat and mouse chromosomes share four similar segments of conserved linkage and synteny that are visible as vertical blocks on megabase positions of mouse and rat homologs of the equine genes (Fig. 1a) .
Five dog chromosomes (CFA2, CFA3, CFA4, CFA11, and CFA34) correspond to ECA14 and ECA21 and hence also to HSA5. These syntenic blocks essentially have the same gene order as seen in horse/human. In cats, however, ECA14/ ECA21 equates to a single chromosome-FCAA1 (cat chromosomes have a unique nomenclature: rather than being numbered 1, 2, …, they are named A1, A2, A3, …, B1, …). Next, comparison of the available gene order in chicken with the order obtained in the horse shows that a considerable part of ECA14/ECA21 (HSA5) primarily corresponds to the distal ∼30-Mb region of the short arm of the chicken Z chromosome (GGAZ), followed largely by loci from GGA2 and GGA13. As expected, extensive rearrangements are evident within the chicken syntenic blocks compared with corresponding segments in horses and other mammals.
Comprehensive gene mapping and comparative information recently published for cattle [27, 29] enables one to relate the two cattle chromosomes-BTA7 and BTA20-to ECA14/ ECA21 (HSA5). While ECA14 corresponds largely to parts of BTA7 and to a lesser extent to parts of BTA10 and BTA20, the segments are inverted and rearranged compared with horse and human. In contrast to this, a large part of BTA20 that equates to the short arm and the subcentromeric part of the long arm of HSA5 shows conserved linkage with the distal three-quarters segment of ECA21. Last, the comparative data between horse and pig indicate that the proximal two-thirds of ECA14 corresponds to the middle part of SSC16 and the distal two-thirds to the long arm of SSC2, while the majority of ECA21 (distal three-quarters)-which equates to the 0-70 Mb segment of HSA5p/q-corresponds to the proximal and distal parts SSC16. Our findings corroborate and refine previous pig-human comparative painting and gene mapping data [28, 34, 35] .
Comparative organization of HSA5 homologs in evolutionarily diverged species
In this study, we analyzed the comparative status of HSA5 homologs in the karyotypes of 50 species belonging to 11 mammalian orders ( Fig. 4; Supplementary Table 2 ). To this, we added information from chicken-a distantly related vertebrate. The overall observations summarized in Fig. 5 suggest that the chromosome corresponding to HSA5 was most likely a single acrocentric chromosome in the eutherian mammal ancestor that (i) remained conserved as a single segment in some of the species, (ii) resulted in the formation of two rather evolutionarily conserved segments in a range of evolutionarily distantly related species-a state most commonly observed [13, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , or (iii) underwent more fission events leading to three to six segments in a few other groups of species [47] [48] [49] [50] [51] (details provided in Fig. 4 ). In the following paragraphs we will summarize the current knowledge of chromosomes or chromosomal segments corresponding to ECA14/ECA21 or HSA5 in different species. This background information will provide a basis to understand the evolution of these segments in Perissodactyls and compare it with observations made in other distantly related species. HSA5 is present as: · a single chromosome or chromosomal segment (putatively ancestral configuration) in a very divergent group of mammals belonging to Afrotheria (aardvark, elephants, golden mole, elephant shrew), Carnivora (felids-cat, mustelids-American mink and ferret, ursids-giant panda, pinnipeds-harbor seal), Rodentia (sciurids-tree squirrels, flying squirrels, and chipmunks), Cetartiodactyla (Cetacea-Atlantic bottlenose dolphin), and Primates (e.g., humans); · two distinct chromosomes or chromosomal segments in Perissodactyla (horse, donkey, and zebras) and a number of species belonging to Artiodactyla (bovids-sheep, river buffalo, gayal, antelope, etc.; cervids-Indian and Chinese muntjacs, forest musk deer; suids-pig), Chiroptera (a range of bats), Eulipotyphla (common shrew, Asiatic short-tailed shrew, and shrew-hedgehog), Lagomorpha (rabbit), Pholidota (pangolin), and Xenarthra (two-toed sloth); · three distinct syntenic segments in some of the species belonging to Xenarthra (tree anteater) and Artiodactyla (cattle, goat); and · four to seven segments in some of the species belonging to Eulipotyphla (long-eared hedgehog), Rodentia (rat and mouse), and Carnivora (dog, Japanese raccoon dog, red fox, Arctic fox, crab eating fox).
The two chromosomal equivalents of HSA5 seen in horses and other Perissodactyls appear to be contiguous derivatives of an ancestral chromosome similar to HSA5 (assuming centromere at pter), with a breakpoint at ∼69-70 Mb in the sequence map of the human chromosome, at around band 5q13.2. While one of the units of this putative fission led to the formation of ECA14, the other unit corresponding to the 0-69 Mb region of HSA5 fused with the ∼5 Mb region of HSA19 (15) (16) (17) (18) (19) (20) Mb region in HSA5 sequence map), resulting in ECA21. These events seemed to have occurred in the equid/Perissodactyl ancestor because the specific HSA5/ Fig. 5 . A representative summary of the organization of chromosomal segments corresponding to HSA5 (outer circle) in species belonging to 11 evolutionarily diverse mammalian orders. The available Zoo-FISH data from species within each order were compared to identify the most prevalent configuration that has evolved following evolution from a putative ancestral HSA5 chromosomal segment (central circle). In addition to the commonly observed configurations seen in each of the mammalian orders, alternatives of the same segment observed in some of the species are also shown. Perissodactyls show two distinct chromosomal segments corresponding to HSA5. However, these segments differ from those seen in, e.g., the Cetartiodactyls, in which the two segments evolved differently, probably with more rearrangements. The neighborhood of segment corresponding to HSA19p and HSA5 was included to get an overview of the prevalence of this combination in other species/orders. HSA19p combination is also seen in donkey and zebras hitherto studied. Though a combination of the two human chromosomes is also reported in Cetartiodactyls (bovids, cervids, suids, and cetaceans), a couple of noteworthy features distinguish the derivative chromosome in the two groups of species. First, the part of HSA19p in the Cetartiodactyl derivative originates from the 0-19.5 Mb in the bovids and probably the whole short arm in the cervids and suids, compared to the 15-20 Mb region seen in the equids. Second, the part of HSA5q in the Cetartiodactyls is the 70-180 Mb segment compared to the 0-70 Mb segment seen in the equids. Froenicke et al. [39] and Yang et al. [46] 
Concluding remarks
The high-resolution physically ordered RH and comparative maps for equine homologs of HSA5, viz., ECA14 and the majority of the distal part of ECA21, generated in this study are important tools for annotating/aligning recently generated 2× sequence data in horses (Horse Genome Project, http://www.uky.edu/Ag/Horsemap/) and to assign traits of interest precisely on the two chromosomes. The fine alignment of the maps with gene/sequence maps for corresponding chromosomes in other mammals will serve as a foundation for rapid discovery of candidate loci associated with these traits. While comparative analysis of the mapping data shows a high degree of conserved linkage between ECA14 and the 70-180 Mb region of HSA5, rearrangements are evident for these segments in most of the other evolutionarily diverged species. In contrast to this, the ECA21 segment that equates to the 0-70 Mb region of HSA5 clearly shows greater conservation. The latter is evident from the preservation of gene order for this segment in more species than is seen for ECA14. The precise megabase demarcation of the two equine chromosomes in relation to HSA5, and its comparison with corresponding chromosomal segments in a range of mammals, provided an improved overview of their evolution from the putative ancestral configuration. In particular it enabled the identification of equid/Perissodactyl-specific features that clearly distinguish their origins from similar-looking status in the Cetartiodactyls.
Material and methods
Marker development
Sequence data for HSA5 available through NCBI build 35.1 (http://www. ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=9606&chr=5) and Ensembl v37 (http://www.ensembl.org/Homo_sapiens/mapview?chr=5) were used to select genes at ∼1-Mb intervals along the length of the chromosome. Sequences of these genes were individually aligned with available sequence data for mouse, rat, pig, cow, or other mammalian orthologs (http://www.ddbj.nig.ac. jp/search/clustalw-e.html). Multiple alignments were used to identify sites for primer design that could specifically amplify sequences within equine orthologs of the corresponding human genes in a mixed horse/hamster DNA pool [6, [15] [16] [17] . Primers were designed using the Primer3 software (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and were optimized using hamster and horse genomic DNA to ensure horse-specific amplification. All equine PCR products were verified by sequencing and were analyzed using BLASTn [18] to confirm their identity in relation to the corresponding human gene. Additionally, primer pairs for 51 microsatellite markers were obtained from various sources using approaches previously described [19] [20] [21] [22] [23] . Detailed information on all markers including primer sequence, PCR condition, etc., is presented in Table 2A (ECA14) and Table  2B (ECA21).
Genotyping markers on the equine RH panel, data analysis, and computation of maps Genotyping of the markers generated above was carried out by PCR on the 5000-rad horse × hamster RH panel comprising 93 hybrid cell lines [1, 24] . Briefly, all markers were typed in duplicate using 50 ng DNA as template; 1× buffer (Sigma Aldrich); 0.3 pmol of each primer; 0.2 mM dNTPs; 1.5, 2.0, or 3.0 mM MgCl 2 ; and 0.25 units JumpStart REDTaq DNA polymerase (Sigma Aldrich) in a 10-μl PCR as described earlier [7] . The PCR amplification products were resolved on 2% agarose gels containing 25 μg/ml ethidium bromide and scored manually.
Radiation hybrid maps were computed with the goal of optimizing the MLE criterion. Maps were generated using the rh_tsp_map ( [25] ; ftp://ftp. ncbi.nih.gov/pub/agarwala/rhmapping/rh_tsp_map.tar), CONCORDE ( [26] ; http://www.isye.gatech.edu/~wcook/rh/), and Qsopt (http://www.isye.gatech. edu/~wcook/qsopt) software packages as previously described [7, 9] . The map for the lower part of ECA21 was computed in conjunction with the map for upper ECA21 reported in [7] . The only pertinent methodological details that may differ are the lod score threshold used for making linkage groups, the number of linkage groups, and the number of singletons dropped. When making linkage groups by single linkage clustering based on pair-wise lod scores, a lod score threshold of 7.0 was used for both ECA14 and ECA21. Two singletons each for ECA14 and ECA21 were dropped while generating the final map. The order and orientation of linkage groups were confirmed by FISH data.
BAC library screening and FISH mapping
Two equine BAC libraries (TAMU and CHORI-241) were screened for ECA14 and ECA21 markers using hierarchical PCR screening of superpools, plate pools, and row/column pools to isolate pertinent BAC clones. The clones were individually labeled with biotin and/or digoxigenin using the BIO-or DIG-Nick Translation Mix (Roche Molecular Biochemicals). Labeled probes were hybridized either separately or in pairs/triplets to horse metaphase chromosome spreads or interphase chromatin to determine their location and relative physical order. DNA labeling, in situ hybridization, signal detection, microscopy, and image analysis were performed as previously described [1] .
Comparative map
A comparative map of ECA14 and ECA21 was developed using precise megabase locations of human, chimpanzee, mouse, rat, dog, and chicken orthologs of the equine genes from the most updated sequence data (http:// genome.ucsc.edu/cgi-bin/hgGateway). Comparative map information for corresponding loci in cattle, pig, and cat were obtained from published information and databases (NCBI, http://www.ncbi.nlm.nih.gov/Genomes/ index.html; ArkDB, http://iowa.thearkdb.org/ [27,28]). 
